We present a global compilation of major element, as well as Re-Os isotope, data on mantle xenoliths from continental lithosphere to constrain the secular evolution of mantle depletion since the early Archean. Whereas a temporal dichotomy in the degree of mantle depletion has long been recognized in previous regional studies of mantle xenoliths, this global compilation reveals, for the first time, a smooth secular trend in mantle depletion, which is in remarkable agreement with what is expected from the secular cooling of the ambient mantle as inferred from the petrology of non-arc basalts. Depleted mantle now composing continental lithosphere is likely to have been originally formed beneath mid-ocean ridges or similar spreading environments, and a greater degree of depletion in the past can be seen as a corollary of the secular cooling of the mantle.
INTRODUCTION
A plethora of evidence from tomographic imaging and petrological observations on mantle xenoliths corroborates the existence of thermally and chemically distinct continental mantle lithosphere underlying most Archean and Proterozoic exposed landmasses (e.g., Carlson et al., 2005) . Petrological analyses of cratonic mantle xenoliths from Archean and Proterozoic terranes indicate a mantle predominantly composed of highly depleted peridotites (e.g., Boyd, 1989; Pearson and Wittig, 2008) . The degree of depletion is commonly described by Mg#, which is molar Mg / (Mg + Fe) × 100, and a higher Mg# results from a higher degree of melting. The average Mg# of cratonic xenoliths is ~92, reaching as high as 94 for some Archean samples, whereas typical fertile peridotites in the present asthenospheric mantle have a Mg# ~88-89. The Mg# of mantle xenoliths has long been known to exhibit a temporal dichotomy; samples collected from Archean cratons are characterized by higher levels of depletion compared to those from Proterozoic and Phanerozoic provinces (Boyd, 1989; Kelemen et al., 1998; Griffin et al., 2008) .
The existence of highly depleted mantle has led to two popular hypotheses for the origin of continental mantle lithosphere: one involving oceanic ridges (e.g., Herzberg, 2004; Rollinson, 2010; Pearson and Wittig, 2014) and the other involving mantle plumes (e.g., Herzberg, 1999; Aulbach et al., 2011) . Additional depletion in arc settings has also been suggested (e.g., Pearson and Wittig, 2008) . Resolving the origin of continental lithosphere has been difficult because the occurrence of mantle xenoliths is spatially limited and the geological record of old continental crust is generally complex. In this study, we aim to test the oceanic ridge hypothesis on the basis of a global compilation of mantle xenolith data. One attractive feature of this hypothesis is that it makes a definitive prediction for the secular compositional trend of mantle depletion (Herzberg and Rudnick, 2012) against which xenolith data can be compared. Whereas a contrast in the degree of depletion between Archean and Proterozoic xenoliths has long been known, as noted above, a detailed picture of how mantle depletion has changed through time is yet to be established. To this end, we assemble major element composition (i.e., MgO and FeO), as well as Re-Os isotope data, for mantle xenoliths found on major cratons.
In what follows, we first provide essential traits of the cratons and xenoliths we consider in this study. Such information aids in interpretation of the wide range of ages and chemical compositions present in our global compilation. We then describe our strategy for data compilation to extract the temporal evolution of mantle depletion. Finally, we discuss a possible origin of continental mantle lithosphere via mid-ocean ridge processes, on the basis of a correlation between the emerged trend of mantle depletion and the secular cooling of the upper mantle.
MANTLE XENOLITHS
The chemical composition of continental mantle lithosphere is highly variable around the globe. Whereas Archean and younger cratons are generally underlain by highly depleted mantle and less-depleted mantle, respectively, each craton has been affected by its own tectonic history. Commonly, the degree of complexity observed in surface geology is coupled with an equivalent amount of deformation in the mantle (e.g., Carlson et al., 2005) . As a result, the mantle lithosphere preserves changes in major and minor element compositions correlated to tectonic processes, such as metasomatism, that affect interpretation of data. To account for possible modifications of the original Mg# and Re-Os isotope system, it is important to focus on geological areas that have been thoroughly studied, with a statistically sufficient number of whole-rock analyses (Rudnick and Walker, 2009) . Except for some Mesozoic and Paleozoic peridotite xenoliths retrieved in alkaline basalts from the China blocks, mantle xenoliths in our compilation were collected in kimberlite pipes that erupted between the Proterozoic and the Mesozoic (e.g., Irvine et al. 2003; Pearson et al., 2007; Wittig et al., 2010; Liu et al., 2012) . Good age correlation is generally observed between model ages of mantle xenoliths and ages of crustal rocks, suggesting a coupling between crustal and mantle lithosphere (Rollinson, 2010) ; notable exceptions to this general trend are the Sino-Korean craton and the South China block. The data set includes samples from the Churchill province (Canada); Kaapvaal (southern Africa), Tanzania, North and South China, North Atlantic (Greenland), Slave (Canada), Siberian, and Karelian (Finland and Russia) cratons; and Wyoming province (USA and Canada) (sample locations, source references, and data are provided in the GSA Data Repository 1 notable surface geology characteristics for each of these cratons).
METHODS AND RESULTS
During the partial melting of the mantle, Fe and Re are partitioned into the melt phase more preferentially than Mg and Os, respectively. Such a contrast in element partitioning is central to quantifying the degree of melting and its timing, the former by Mg-Fe partitioning and the latter by Re-Os model ages. For Mg-Fe partitioning, we consider both olivine and wholerock Mg#. Re-Os model ages rely on sulfides that are susceptible to secondary processes and thus are not expected to provide accurate ages; numerous pre-, syn-, and post-eruption chemical interactions between melt and residue commonly alter Re and Os concentrations, thereby perturbing estimates on the timing of mantle depletion (Pearson and Wittig, 2008; Liu et al., 2010) . Such model ages, however, represent the only effective method to constrain the timing of mantle depletion (Rudnick and Walker, 2009) . Fortunately, two different types of model ages, Re depletion (T RD ) and mantle (T MA ) model ages, have been devised (Walker et al., 1989) , which allow discussion of the reliability of age estimates (Carlson et al., 2005; Pearson and Wittig, 2008) .
The majority of the published Re-Os isotope data for mantle xenoliths are based on wholerock analysis. Unlike sulfide analysis, wholerock analysis does not allow probing of the possibility of secondary metasomatism, but model ages based on whole-rock analyses generally reflect the age of crystalline basement or later tectonic deformation (Griffin et al., 2004; Pearson and Wittig, 2014) . We thus adopt wholerock T RD Os by Walker et al. (2002) , though this recomputation does not change the overall secular trend. We adopt the carbonaceous chondrite standard as it likely represents the isotopic signature of Earth's primitive mantle (Korenaga, 2008b) . Employing the carbonaceous chondrite standard systematically produces younger ages than using other reference values, with age differences as large as 500 m.y. for young samples (see the Data Repository). Most of the data compiled here have been corrected for Re contamination during host magma entrainment (Shirey and Walker, 1998; Pearson et al., 2004) . Between T RD and T MA , T RD is usually considered to be more robust because Os is less affected by metasomatism. We thus place more weight on T RD model ages and discard any T MA model ages differing by >1 b.y. from T RD , as they likely suffer from secondary enrichment of Re. Further, we omit T MA and T RD ages with future values or older than the age of the Earth (i.e., 4.5 Ga).
In Figure 1 , the covariation of depletion age and whole-rock Mg# is shown for different groups of cratons. Figure 1A includes data collected on the Kaapvaal craton, its surrounding accreted Proterozoic terranes, and the Tanzania craton. Xenoliths from the Kaapvaal craton show depletion ages mostly between 2 and 3.5 Ga, those from the Proterozoic terranes between 0.5 and 2.5 Ga, and those from the Tanzania craton between the Paleozoic and the Archean. If we view these data collectively, a smooth trend in the age-Mg# covariation emerges, and it can be seen more clearly in olivine analysis (Fig. DR1A in the Data Repository). In line with previous studies, the eastern China data set (Fig.  1B) exhibits two distinct age populations; the majority of data plot between present and 1.5 Ga, whereas a small subset of ages ranges between 2.5 and 3.5 Ga. Whereas samples with older ages could be attributed to original mantle depletion, corresponding Mg# values are lower than observed for similarly old xenoliths from other cratons. The majority of T RD ages for Phanerozoic and late Proterozoic samples likely have higher uncertainties due to inefficient extraction of Re at lower degrees of partial melting, and the ages of those samples could be older than shown in Figure 1B . Figure 1C shows data from the North Atlantic craton and its surrounding terranes. The age population is mostly between the Neoarchean and the Mesoarchean, corresponding to overlying crustal ages, yet some samples retain younger ages spanning through the Proterozoic. Whereas Paleoproterozoic and Mesoproterozoic ages could be associated with the amalgamation of other Archean terrains to the North Atlantic craton during the Proterozoic Nagssugtoqidian orogeny or rifting associated with the Kangâmiut dike swarm (both in western Greenland; Wittig et al., 2010) , younger Precambrian ages do not have direct correlation to surface geology. We note that there is no clear age separation between xenoliths from the North Atlantic craton and those from its surroundings. The rest of the cratons we studied are shown collectively in Figure 1D . Despite the large variety, the majority of data cluster from the Proterozoic to the Archean, with Mg# ranging between 89 and 93.5.
Also shown in Figure 1 are the predictions for Mg# variations based on the thermal evolution of the mantle (Korenaga, 2008a (Korenaga, , 2017 . The model of Korenaga (2017) is an updated version of that of Korenaga (2008a) , with the former incorporating a more likely thermal history of the core. Three different predictions are given to take into account the uncertainty of the thermal budget; the present-day Urey ratio, which measures the ratio of radiogenic heat production in the mantle over convective heat loss, is estimated to be ~0.2-0.3 (Korenaga, 2017) .
When viewed collectively ( Figs. 2A and 2B ), whole-rock and olivine data exhibit a positive trend between Mg# and age. Whole-rock data show greater scatter than olivine data (Fig. 2B) , with Mg# as low as 88 seen at all ages, but the positive trend is seen for the maximum Mg# values; Mg# values of Archean, Proterozoic, and Phanerozoic xenoliths do not generally exceed ~93.5, ~92, and ~91, respectively. A tighter trend can be seen for the olivine forsterite (Fo) content (Fig. 2B) . This positive trend between Mg# (or Fo) and age has important implications for the origin of continental lithospheric mantle, as discussed next.
IMPLICATIONS FOR THE ORIGIN OF CONTINENTAL LITHOSPHERE
Mantle xenoliths represent important direct samples of continental lithospheric mantle, but their sampling relies largely on fortuitous kimberlite magmatism. As such, the geographical distribution of mantle xenoliths is sparse and sporadic, and these xenoliths by no means sample continental lithosphere uniformly. The formation of continental lithosphere and its subsequent growth may have been episodic and stochastic, and xenolith sampling could be too sparse to understand such lithospheric evolution on a regional basis. Our approach based on a global compilation is an attempt to set aside regional complexities in favor of gross characteristics of continental lithospheric mantle as a whole. Perhaps the most important result that emerged from our global compilation is that the positive correlation between the Fo contents of mantle xenoliths and their ages, spanning from the present to 3 Ga, are in remarkable agreement with the prediction from the thermal evolution model (Fig. 2B) . Regional data do not exhibit this trend with comparable clarity ( Fig.  1; Fig. DR1 ). Increasing Fo or Mg# with age can be understood to have resulted from a higher degree of melting of a hotter mantle in the past (Herzberg et al., 2010; Herzberg and Rudnick, 2012) , and the covariation of xenolith mineralogy and ages (Fig. DR2 ) supports this interpretation; in general, we observe that the majority of lherzolite xenoliths are grouped in the Phanerozoic and late Proterozoic, and harzburgites are concentrated between the early Proterozoic and Archean.
Greater scatter seen in the whole-rock Mg# trend ( Fig. 2A ) than in the Fo trend (Fig. 2B ) could result from several processes. For example, the presence of interstitial FeO at grain boundaries (Pearson and Wittig, 2014) , secondary processes such as serpentinization, and the invasive nature of kimberlite (Schmidberger and Francis, 2001 ) could all change whole-rock Mg#. At any given time, Fo contents exhibit variability of ~1.5 Fo units, but this variability is part of the total variability expected from polybaric decompressional melting, in which whole-rock Mg# or olivine Fo content ranges from an initial fertile value (88-89) to the most depleted value, as indicated by shading associated with theoretical predictions shown in Figures 1 and 2 (Herzberg et al., 2010) . For early Proterozoic and Archean samples, the age-Fo covariation plot does not show the relatively fertile part of this spectrum (i.e., Fo unit <90), suggesting that the less-depleted part was mechanically too weak to remain in the continental lithosphere. In decompressional melting beneath mid-ocean ridges, only the mantle that reaches shallow depths experiences a high degree of melting and can become mechanically strong due to surface cooling.
The thermal evolution model used here is based on the notion of more sluggish plate tectonics in the past (Korenaga, 2003) , and this model predicts a particular cooling curve for the upper mantle, which is supported by the petrology of Precambrian lavas (Herzberg et al., 2010 ; Fig. 2C ). Herzberg and Rudnick (2012) estimated the secular evolution of Mg# of the residual mantle corresponding to those lavas (Fig. 2D) , which is similar to the Fo trend seen in our compilation (Fig. 2B ). This similarity is rather remarkable because these diagrams present two entirely independent kinds of geochemical data one from non-arc basalts and the other from cratonic mantle xenoliths. It would be most straightforward to interpret this coincidence as support for a mid-ocean ridge origin of continental lithospheric mantle. That is, depleted mantle now composing continental lithosphere was originally formed beneath mid-ocean ridges or similar spreading environments, and a greater degree of depletion in the past is a corollary of the secular cooling of the mantle. This simple theoretical framework for the origin of continental lithospheric mantle, which is built on the thermal evolution of Earth, may prove useful as a reference when investigating the formation history of lithospheric mantle beneath individual cratons. Such a framework also facilitates the theoretical analysis of the surface environment on early Earth, as the secular evolution of continental lithosphere plays a dominant role in global sea-level change .
